Objective-The authors sought to study activity in neural circuits that subserve the inhibition of a semi-involuntary motor behavior, eye blinking, in children and adults with Tourette syndrome and in healthy comparison subjects.
Prior anatomical imaging studies have documented reduced volumes of the caudate nucleus (3) and thinning of primary sensory, primary motor, and premotor cortices in children with Tourette syndrome (3, 4) , suggesting the presence of hypoplasia throughout the motor portions of cortico-striatal-thalamo-cortical circuits. Electrophysiological and histological evidence for reduced GABA-ergic tone in these cortical and subcortical brain regions suggests the presence of reduced local inhibition of neural activity in these motor circuits (5, 6) . Prior studies of voluntary tic suppression (7) and cortical volumes (8) have suggested that suppression of tics robustly activates the frontal cortex, and that this frequent activation in social settings may in turn produce a compensatory, neuroplastic hypertrophy of frontal cortices that helps to regulate activity within those motor circuits, thereby reducing tic symptoms (9) . This neuroplastic hypertrophy of the frontal cortex in response to experiential need seems to be absent in adults who have persistent Tourette syndrome (8) , suggesting that a failure to generate frontal hypertrophy may contribute to the persistence of tics in the minority of persons with Tourette syndrome whose symptoms fail to remit during adolescence (9, 10) .
Although these prior studies have highlighted the importance of frontostriatal activation for the voluntary control of tic symptoms, the prior functional imaging study of tic suppression could not directly compare activation of circuits required for the suppression of tics in persons with Tourette syndrome with activation in healthy comparison subjects, since the comparison subjects by definition did not have tics to suppress. Therefore, activation of inhibitory circuits in persons with Tourette syndrome has been compared instead with activation in healthy comparison subjects during the performance of cognitive tasks that require the inhibition of prepotent responses. One study, for example, compared the brain activity of children and adults with and without Tourette syndrome during performance of the Stroop Word-Color Interference Task (11) , which requires the inhibition of an automatic response tendency (reading) in favor of a less automatic response (color naming). The correlations of activation with age within frontostriatal circuits were greater in the Tourette group than in comparison subjects, suggesting the presence of altered maturation of frontostriatal circuits. Greater frontostriatal activity in the adults with Tourette syndrome was interpreted as helping them to maintain normal levels of task performance in the presence of a diminished inhibitory reserve in these circuits (8) .
We sought to develop a functional imaging task that was similar to voluntary tic suppression in the sense that it would require participants to suppress a semi-involuntary behavior but would also permit performance by healthy participants, thereby allowing a direct comparison of activity in frontostriatal circuits across Tourette syndrome and comparison groups. One semi-involuntary behavior that is phenomenologically similar to tics is eye blinking. Blinks occur at a similar frequency and with similar forcefulness as most tics, and they can be voluntarily suppressed temporarily although not indefinitely. Difficulty in regulating the frequency and forcefulness of eye blinking is one of the earliest-developing tic symptoms (12) ; moreover, individuals with Tourette syndrome report that the somatosensory tension experienced during the sustained inhibition of eye blinking is similar to the premonitory urge experienced just prior to performing a tic. Functional imaging studies have shown that frontostriatal circuits are activated in healthy individuals during the inhibition of eye blinks (13) , thus making the suppression of eye blinks an ideal candidate task for comparing frontostriatal activity in suppressing semi-involuntary behaviors across the Tourette and comparison participants. This comparison should allow determination of whether the functioning of frontostriatal circuits during the inhibition of a normal, semiinvoluntary behavior is aberrant, therefore suggesting the presence of a generalized deficiency in inhibitory systems in Tourette syndrome, or whether aberrant inhibition represents a domain-specific deficiency in the inhibition of tics alone.
We therefore compared neural activity in individuals with Tourette syndrome and healthy comparison subjects as they inhibited eye blinking. Given the previously reported disturbances in frontostriatal circuits of adults with Tourette syndrome during performance of the Stroop task (11), we expected to detect a similar pattern of increased activity of frontal cortices in response to inhibitory demands in adults with persistent symptoms (8, 11) , suggesting that they increase frontostriatal activity to compensate for reduced inhibitory reserve within frontal cortices.
Method Participants
We recruited persons diagnosed with Tourette syndrome from the Tic Disorder Specialty Clinic at the Yale Child Study Center in New Haven, Conn., excluding persons who had an axis I disorder other than obsessive-compulsive disorder (OCD) or attention deficit hyperactivity disorder (ADHD) before the onset of Tourette syndrome (comorbid OCD: N=21, comorbid ADHD: N=11, both OCD and ADHD: N=4). We recruited comparison subjects from a telemarketing list of individuals residing in the same postal codes, excluding those who reported a history of tic disorder, OCD, or ADHD, or who met diagnostic criteria for any axis I disorder at the time of the interview. Additional exclusionary criteria for both groups were a lifetime history of substance abuse or head trauma or a full-scale IQ < 75.
We administered the Schedule for Tourette and Other Behavioral Disorders (14) , as well as clinical evaluations, to establish diagnoses through a consensus procedure of expert clinicians (15) . The Schedule for Tourette and Other Behavioral Disorders includes the Schedule for Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime Version (K-SADS-PL [16] ) for children and the Schedule for Affective Disorders and Schizophrenia (SADS [17] ) for adults, as well as sections on Tourette syndrome and OCD for both. Ratings of current and worst-ever symptom severity of tic symptoms were obtained using the Yale Global Tic Severity Scale (18), the child or adult version of the Yale-Brown Obsessive Compulsive Scale (19, 20) , and the ADHD rating scale (21) . Socioeconomic status was assessed using the Hollingshead Index of Social Status (22) , and IQ was measured using the Wechsler Abbreviated Scale of Intelligence (23) . Additionally, we assessed performance on the Stroop interference task (24) and Conners Continuous Performance Task-II (25) , both measures of inhibitory control (26) . Tourette and comparison subjects were group-matched on demographic characteristics (Table 1) .
Behavioral Task
Prior to scanning, participants were introduced to the task using a practice procedure to ensure correct understanding of task instructions and ability to comply with task demands. Throughout the experiment, participants were instructed to keep their gaze focused on an "X" placed on a visible screen. At the beginning of each scanning session, participants blinked normally. After 40 seconds of scanning, the experimenter stated the word "stop," at which point participants refrained from blinking for a 40-second period. The experimenter then stated the word "blink," at which time participants returned to blinking normally. Two scanning sessions were run, each consisting of four 40-second blocks of eye blink inhibition and gaze fixation. A member of the study team observed the eyes of each participant in a mirror placed on the head coil to confirm successful inhibition of eye blinking at appropriate times.
Image Acquisition
Images were acquired on a Signa 1.5 Tesla LX scanner (GE Healthcare, Milwaukee) using a standard quadrature head coil. Head positioning in the magnet was standardized using the canthomeatal line. A T 1 -weighted sagittal localizing scan was used to position the axial images. The functional images were obtained using a T2*-sensitive gradient-recalled, single-shot, echo-planar pulse sequence (TR=1750 msec, TE=45 msec, 60° flip angle, single excitation per image, 20×40 cm field of view, and 64×128 matrix, providing a 3.1×3.1 mm in-plane resolution). Eight axial slices were acquired to correspond with axial slices in the z direction of Talairach space (27) , with six slices extending superiorly six-ninths of the distance to the vertex and two slices inferiorly from the anterior commissure-posterior commissure (AC-PC) line. Slice thickness was a constant 7 mm. The skip between slices varied between 0.5 and 2 mm to maintain a strict correspondence to the Talairach coordinate system.
Image Preprocessing
Images were visually inspected during preprocessing and discarded if artifacts such as ghosting occurred or if the subject moved >0.5 pixels in any direction. Images were then motion-corrected using Yale software for three translational directions and three rotations (28) . Corrected images underwent Gaussian spatial filtering (full width at half maximum of 6.3 mm). Drift of baseline image intensity was removed using an eighth-order high-pass Butterworth temporal filter with a frequency cutoff equal to three-fourths of the task frequency. The filter was run once forward and once backward to ensure no change in phase of task-related signal. T1-weighted axial anatomical images and corresponding echoplanar functional images were transformed into a common stereotactic space using a piece-wise linear warping to a common bounding box (27) .
Hypothesis Testing
Our a priori hypothesis was that the correlation of age with activation during the inhibition of eye blinking would differ between Tourette and comparison groups. We assessed this effect using the diagnosis-by-age term within a linear-mixed model in which signal change for eye blink suppression versus blinking conditions served as a dependent measure, with diagnosis (patient or comparison subject) as a between-subject factor and with age and sex as covariates. We considered all main effects and interactions for inclusion in the model, using backward stepwise regression to eliminate terms, monitoring the hierarchical structure at each step to ensure inclusion of all possible lower-order component terms (29) . We considered as significant any voxels that surpassed our thresholds for both t statistic (corresponding to a p value < 0.05) and cluster size of 25 adjacent voxels for the age-bydiagnosis interaction, a conjoint requirement that, based on an approximation formula, yielded a conservative significance threshold (p < 0.000005) (28) . The volume of this cluster (3.1 mm×3.1 mm×7 mm×25 mm=1.68 cm 3 ) was well below that of the caudate and lenticular nuclei (5-6 cm 3 ), permitting detection of significant activation in those regions (3).
Exploratory Analyses
We evaluated the association of activation with symptom severity using a voxel-wise regression analysis that incorporated age and scores on the Yale Global Tic Severity Scale, Yale-Brown Obsessive Compulsive Scale, and ADHD rating scale separately. Similarly, because the Stroop, Continuous Performance Test, and eye blink inhibition represent similar constructs for the study of inhibitory control, we assessed the correlations of activation during eye blink inhibition with interference scores on the Stroop (26) and reaction times for correct hits on the Continuous Performance Test (25) .
We also assessed the effects of medication on brain activation using a model that included only the participants with Tourette syndrome, employing as an independent variable a nominal measure of receiving versus not receiving a specific class of medication (α-antagonists, neuroleptics, selective serotonin reuptake inhibitors) at the time of study. We also employed these variables as statistical covariates in the linear model used for a priori hypothesis testing. The effects of co-occurring ADHD or OCD were assessed similarly.
Results

Hypothesis Testing
Main effects of diagnosis were detected in the right middle frontal gyrus, left dorsal anterior cingulate cortex, right middle temporal gyrus, and right superior temporal gyrus ( Figure 1 , column G; Table 2 ), suggesting increased activation of these areas in the Tourette group relative to comparison subjects. In addition, the superior frontal gyrus deactivated more in the Tourette group than in comparison subjects, whereas the posterior cingulate cortex deactivated more in the comparison subjects than in the Tourette group (Figure 1 , columns F and G; Table 2 ). These effects were detected in voxels where the diagnosis-by-age effects were not significant, indicating that the group differences in activation were independent of age.
Significant age-by-diagnosis interactions were detected in several other regions, indicating the presence of age-specific differences in activation across groups. Interactions in right dorsolateral prefrontal cortex and right inferolateral prefrontal cortex ( Figure 1 , column H; Table 2 ) derived from an increase in mean percent signal change in these regions with advancing age in the Tourette group and a decline with age in the comparison subjects group (Figure 2 ). An interaction was also detected in the left caudate nucleus ( Figure 1 , column H; Table 2 ), where activation increased with age in the Tourette group more than it did in comparison subjects (Figure 2) . Finally, an interaction with age was observed in the anterior cingulate cortex ( Figure 1 , column H; Table 2 ) that was attributable to increasing activation with advancing with age in the Tourette group but not in the comparison subjects (Figure 2 ).
In addition, the magnitude of activation in the right inferolateral prefrontal cortex (Brodmann's area 47), right superior temporal gyrus (Brodmann's area 22), left inferior frontal gyrus (Brodmann's area 44), and right putamen correlated inversely with the severity of tics at the time of scan (Figure 1, column I) , indicating that greater activity in these regions accompanied fewer symptoms in the Tourette group. Conversely, the left middle temporal gyrus (Brodmann's area 39), left middle frontal gyrus (Brodmann's area 46), and left caudate correlated positively with tic severity, indicating that more activation accompanied more severe tic symptoms in the Tourette group.
Exploratory Analyses
We did not detect significant correlations of activation during eye blink inhibition with measures of Stroop or Continuous Performance Test performance, and neither Stroop nor Continuous Performance Test scores correlated significantly with symptom severity (r= −0.14, p=0.37 and r=−0.01, p=0.94, respectively). Statistical covariation for the effects of medication and comorbidity had no appreciable effect on the findings from a priori hypothesis testing. No significant differences in activation were detected in persons with Tourette syndrome receiving medication compared with those not receiving medication, suggesting that medication effects did not contribute to our findings. Similarly, comparisons of those with and without co-occurring ADHD or OCD suggested that the presence of these conditions did not significantly affect our results (not shown). We also included the motion index in our analysis and found that regional activations in each group did not correlate significantly with this parameter. Moreover, the addition of motion index as a covariate in the maps had no effect on our findings. Finally, to investigate whether the presence or absence of eye blinking tics could have influenced our results, we included it as a statistical covariate in our activation maps, and we found no effects on group differences or age effects.
Discussion
Excessively frequent and forceful eye blinking is most commonly the first symptom to manifest in children with Tourette syndrome (30) . Eye blinks are semi-involuntary behaviors that have a similar duration, frequency, and forcefulness to tics themselves, and persons with Tourette syndrome report that the subjective experience while inhibiting eye blinks is similar to their subjective experience while inhibiting tics. The temporal dynamics of tics and eye blinks are similar (31) , and the frequencies of both are believed to be under the neuromodulatory control of dopamine (32) . Thus, the inhibition of eye blinks provides an ideal task to study neural circuits that provide inhibitory control over semi-involuntary movements across Tourette and healthy participants.
Numerous imaging studies have shown that the frontal cortex plays a central role in the development of inhibitory motor control (33, 34) in both children (35) and adults (36) . Other imaging studies have suggested that frontal control of tic behaviors is impaired in persons with Tourette syndrome, particularly adults who have persistent symptoms. Persons with Tourette syndrome, for example, have abnormalities in the structure and function of their prefrontal cortices (7, 8) . Whereas children with Tourette have enlarged frontal cortices, adults have reduced frontal volumes (3). In addition, prefrontal volumes in both children and adults with Tourette syndrome correlate inversely with tic severity (3), suggesting that enlargement of frontal cortices in children may represent a plastic hypertrophy in response to their frequent need to suppress tics, which is known to activate the frontal cortex robustly (7) . Plastic hypertrophy may thereby enhance inhibitory control over tics. Conversely, smaller prefrontal volumes in Tourette adults are thought to represent a failure of this plastic hypertrophy (8) , limiting inhibitory reserve and requiring an increased magnitude and spatial extent of frontal activation to maintain a comparable level of performance on tasks requiring inhibitory control (11) . Consistent with this model of impaired inhibitory control in adults who have persistent symptoms, one prior study reported greater age-related increases in frontal activation during an inhibitory control task in persons with Tourette syndrome relative to that seen in healthy comparison subjects (11) . These findings were interpreted as a functional response in Tourette adults that likely compensated for their reduced frontal and caudate volumes (11). We detected a similar age-by-diagnosis interaction in the right dorsolateral prefrontal cortex and right inferolateral prefrontal cortex ( Figure 1 , column H) that was driven by greater activation with advancing age in the Tourette group than in comparison subjects (Figure 2 ). These two studies included most of the same participants, demonstrating the within-subject reproducibility of this set of findings. These consistent findings across studies suggest that the exaggerated deployment of inhibitory control in Tourette adults likely extends beyond the more cognitive domain of the Stroop task and into the more purely motor domain of motoric inhibition.
Although the bulk of evidence together suggests that the greater activation of frontal cortices during the Stroop and eye blink tasks represents an attempt to compensate for the reduced plasticity of the prefrontal cortex in persons with Tourette syndrome, other interpretations can also account for greater activation of frontostriatal pathways in Tourette adults. Imaging, postmortem, and electrophysiological studies, for example, suggest the presence of hypoplasia and reduced GABA-ergic tone throughout motor portions of cortico-striatalthalamo-cortical circuits in persons with Tourette syndrome (5, 6) . Reduced GABA-ergic tone would increase the excitability of the motor pathways that presumably drive the generation of both tic symptoms and eye blinks. Greater excitability in these motor pathways could in turn require greater activation of frontostriatal pathways to suppress those behaviors. This explanation, however, would not readily account for the increased activation of frontostriatal pathways detected in Tourette syndrome adults during performance of a cognitive control task (11).
Our findings of increased activation of the dorsal anterior cingulate cortex and right anterior temporal cortex in the Tourette group relative to comparison subjects during eye blink inhibition is consistent with prior findings of increased activation of these areas during tic suppression in persons with Tourette syndrome (7) . The dorsal portion of the anterior cingulate cortex is believed to subserve attention and monitoring functions during the performance of goal-directed tasks (37) , and the right anterior temporal cortex subserves attention and the processing of visuospatial and somatosensory information (38) . Thus, increased activity in these areas in the Tourette group may represent a greater reallocation of attentional resources than in comparison subjects during the suppression of eye blinks, perhaps reflecting a more generalized difficulty with motor inhibition across all ages in the Tourette group.
In addition to activating frontostriatal pathways more than comparison subjects, Tourette subjects deactivated the superior frontal gyrus more than comparison subjects during the suppression of eye blinks. The superior frontal gyrus is thought to support the processing of self-referential information and metacognitive representations of the actions of self and others (39) . More prominent deactivation of the superior frontal gyrus in the Tourette group likely reflects a greater suppression of self-directed thought during the suppression of eye blinks, suggesting that this task is more demanding in persons with Tourette syndrome than in comparison subjects. In contrast, the Tourette group failed to deactivate the posterior cingulate cortex to the extent that healthy comparison subjects activated it. The posterior cingulate is thought to support the monitoring and recall of somatic and other sensory information (37) . Failure to turn off this region sufficiently during eye blink suppression in the Tourette syndrome group may represent a disturbance in the ability to suppress somatic sensations associated with the urge to blink when persons with Tourette syndrome willfully suppress their eye blinks.
We detected inverse correlations between the current severity of tic symptoms and the magnitude of activation of the right inferolateral prefrontal cortex, right superior temporal gyrus, and right putamen during the inhibition of blinks, and we detected a positive correlation in the middle frontal gyrus and caudate. These correlations are consistent with those reported previously during tic suppression (7). The inverse correlations indicate that individuals with more severe tics, and by extension those who had greater difficulty suppressing tics, activated these regions less than did those who had less severe symptoms. The correlations provide further support for our claim that activation of frontostriatal circuits provides inhibitory control over semi-involuntary movements, whether these are tics or eye blinks. Greater functional disturbances in frontostriatal systems may therefore contribute to more severe symptoms.
These findings must be interpreted in light of several limitations of the study. First, variability in task compliance could produce differences in neural activity. To minimize this variability, a member of the study team directly observed each participant during the scan to confirm their success in suppressing blinks. Second, the presence of co-occurring illnesses and use of medications could have influenced our results. Weighing against this possibility, however, is that covarying for medication use and co-occurring illnesses had no discernible effects on our findings. Third, we were unable to quantify the number of eye blinks during the freely blinking control task because bursts of blinks occurred immediately following suppression blocks, rendering their enumeration impossible (31) . The Tourette and comparison groups therefore may have differed in their frequency of eye blinking during the resting condition, thereby influencing estimates of task-related change in MRI signal. Quantitative studies of blink rates, however, generally have not reported abnormal blink rates in persons with Tourette syndrome (40) . Finally, we did not include Tourette adults with remitted symptoms, and therefore we could not assess whether exaggerated frontostriatal activation generalizes to all adults with a lifetime history of Tourette syndrome or only to those whose symptoms persist. Despite these potential limitations, our study has important implications for understanding the developmental trajectory of brain functioning in Tourette syndrome. In particular, it provides new support for the hypothesis that disturbances in the maturation of frontostriatal systems that mediate inhibitory control can contribute to the development, persistence, and severity of tic symptoms.
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Refer to Web version on PubMed Central for supplementary material. . Activation maps were generated using the general linear model in which fMRI signal change during the inhibition of eye blinking was the dependent variable, diagnosis was the independent variable, and age and sex were covariates. The model included a diagnosis-by-age interaction (p < 0.05, cluster size=25, a conjoint requirement that yielded a significance threshold of p < 0.000005). For columns A-F, increases in signal during the suppression of eye blinks are coded in red to yellow, and decreases are coded in blue to purple. In column G, greater activation in the Tourette syndrome group relative to comparison subjects is coded in red to yellow. Column I depicts the general linear model correlating signal change with the severity of tic symptoms in the Tourette group, while covarying for age and sex (p < 0.05, cluster size=25). Positive correlations are shown in red to yellow, and inverse correlations are in blue to purple. Activations in each group did not correlate significantly with motion indices. DACC=dorsal anterior cingulate cortex; STG=superior temporal gyrus; DLPFC=dorsolateral prefrontal cortex; ILPFC=inferolateral prefrontal cortex; SFG=superior frontal gyrus; MFG=middle frontal gyrus; IFG=inferior frontal gyrus; MTG=middle temporal gyrus; Pu=putamen; PCC=posterior cingulate cortex; ACC=anterior cingulate cortex. a A total of 63 participants with Tourette syndrome and 70 comparison subjects were scanned, but 12 with Tourette syndrome were excluded due to ghosting artifact (N=8) or excessive movement (N=4). Among these excluded participants, seven were male and five were female; four were children and eight were adults. Only one adult male comparison participant was excluded due to ghosting artifact.
b Differences between groups were calculated using unpaired t tests. A significant difference was found in gender ratio in children (t= 2.20, df=41, p=0.03).
c Calculated as the maximum motion of a 4×4×4mm 3 cube at the center of the brain moving along a three-dimensional trajectory over time, where the trajectory was reconstructed from a series of six motion parameters (three translations and three rotations in a rigid-body transformation) that were generated during motion realignment of the fMRI time series. A significant between-group difference was found in motion index among adults (t=2.18, df=75, p=0.03). Regional activations in both groups assessed separately did not correlate significantly with motion index, and covarying with this motion index in our statistical analyses did not appreciably alter any of our findings.
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d Twenty-five Tourette patients had eye-blinking tics at the time of the study. Among them, 14 were children and 11 were adults.
e OCD symptoms were significantly more severe at the time of scan for Tourette adults than for Tourette children (t=−2.29, df=49, p=0.02).
f Twenty-one Tourette syndrome participants were taking medications at the time of the study, including typical neuroleptics (N=5), risperidone (N=4), α-adrenergic agonists (N=2), serotonin reuptake inhibitors (N=11), levothyroxine (N=2), and valproic acid (N=2). Medications were not mutually exclusive.
TABLE 2
Regions of Significant Activation Differences Between Tourette Syndrome and Healthy Comparison Subjects a Despite a small overlap in activation between the middle frontal gyrus (of which 95 voxels were significant) and dorsolateral prefrontal cortex (of which 131 voxels were significant), the extent of each area was distinct, with only eight voxels shared between regions. The spatial independence of the main effects and interactions indicates that both effects can be interpreted.
